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Accumulated research has demonstrated the beneficial effects of dietary restriction on extending lifespan and
increasing cellular stress resistance. However, reducing nutrient intake has also been shown to direct animal behaviors
toward food acquisition. Under food-limiting conditions, behavioral changes suggest that neuronal and muscle
activities in circuits that are not involved in nutrient acquisition are down-regulated. These dietary-regulated
mechanisms, if understood better, might provide an approach to compensate for defects in molecules that regulate
cell excitability. We previously reported that a neuromuscular circuit used in Caenorhabditis elegans male mating
behavior is attenuated under food-limiting conditions. During periods between matings, sex-specific muscles that
control movements of the male’s copulatory spicules are kept inactive by UNC-103 ether-a-go-go–related gene (ERG)–
like Kþ channels. Deletion of unc-103 causes ;30%–40% of virgin males to display sex-muscle seizures; however, when
food is deprived from males, the incidence of spontaneous muscle contractions drops to 9%–11%. In this work, we
used genetics and pharmacology to address the mechanisms that act parallel with UNC-103 to suppress muscle
seizures in males that lack ERG-like Kþ channel function. We identify calcium/calmodulin-dependent protein kinase II as
a regulator that uses different mechanisms in food and nonfood conditions to compensate for reduced ERG-like Kþ
channel activity. We found that in food-deprived conditions, calcium/calmodulin-dependent protein kinase II acts cell-
autonomously with ether-a-go-go Kþ channels to inhibit spontaneous muscle contractions. Our work suggests that
upregulating mechanisms used by food deprivation can suppress muscle seizures.
Citation: LeBoeuf B, Gruninger TR, Garcia LR (2007) Food deprivation attenuates seizures through CaMKII and EAG Kþ channels. PLoS Genet 3(9): e156. doi:10.1371/journal.
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Introduction
The excitability of neuromuscular circuits must be regu-
lated to ensure appropriate behavioral responses under
different conditions. When cell excitability is irregular due
to channelopathy defects, inappropriate motor output can
lead to different medical conditions. One member of the
ether-a-go-go (EAG) family of Kþ channels, the human ether-a-go-
go–related gene (hERG)–encoded, delayed inward, rectifying
voltage-gated Kþ channel, has received attention due to its
association with the cardiac condition long QT syndrome [1].
Most mutations in hERG reduce channel conductance, which
causes prolonged depolarizations that result in cardiac
arrhythmias [2–6]. Due to the physiological significance of
this protein, there is ongoing research into the biophysical
properties of hERG Kþ channel function. However, little is
known about other signaling pathways that act with these
channels to control excitable output within specific physio-
logical contexts.
We reported previously that the Caenorhabditis elegans
homolog of hERG, UNC-103, regulates the movements of
the male’s copulatory spicules before and during male mating
behavior [7]. Prior to mating, the two spicules are held within
the male tail via their attachments to dorsal and ventral
protractor and retractor muscles. During mating, males
rhythmically contract the spicule muscles to protract their
spicules through the hermaphrodite vulva. Similar to the
irregular cardiac muscle depolarizations caused by defective
hERG, deletion of unc-103 causes spontaneous contractions of
the spicule muscles, inducing spicule protraction in the
absence of mating cues. Interestingly, the unc-103(0) deletion
phenotype is incompletely penetrant, suggesting that redun-
dant pathways regulate this motor output [7,8].
The incidence of spontaneous spicule muscle seizures in
unc-103(0) males is reduced by food deprivation [9]. This
suggests that signal transduction pathways, activated under
nutrient-poor conditions, specifically modulate the expres-
sion of the unc-103(0) phenotype. Food deprivation globally
modulates many behaviors to direct the animal toward food
acquisition [10–13]. In C. elegans and higher organisms, dietary
deprivation not only represses non–food-foraging behaviors,
but also has positive physiological effects on stress resistance
and aging. This suggests mechanisms, activated under food-
deprived conditions, are possible targets to treat illnesses
caused by channelopathies and stress. Food deprivation likely
modulates diverse behavioral outputs by acting on different
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molecular regulators within specific neuromuscular circuits.
We previously reported that feeding behavior influences the
spicule circuit via signaling from the muscular feeding organ,
the pharynx, and pharyngeal-associated neurons [9]. In this
study, we used the feeding state/spicule protraction relation-
ship in C. elegans to identify a key molecular regulator
involved in suppressing defective ERG-like Kþ channel/UNC-
103 muscle contractions.
We found that calcium/calmodulin-dependent kinase II
(CaMKII) is a central regulator within the spicule circuit that
modulates sex-muscle excitability under both well-fed and
food-deprived conditions. Biochemical and genetic studies in
C. elegans and Drosophila have independently linked CaMKII
activity with the Kþ channel function of ERG and its close
relative EAG [14–16]. In this study, we describe two
physiological contexts in which UNC-43, the worm homolog
of CaMKII, works with ERG-like and EAG Kþ channels to
regulate a specific muscle output. Specifically, we propose
that under well-fed conditions, CaMKII/UNC-43 works
redundantly with ERG-like Kþ channel/UNC-103 to suppress
spicule protraction in periods between mating, while under
food-deprived conditions, CaMKII/UNC-43 and EAG Kþ
channels suppress spicule protraction via a parallel mecha-
nism.
Results
sy574 Defines a Pathway Separate from ERG-like Kþ
channel/unc-103(0)
Previously, we found ERG-like Kþ channel/UNC-103 sup-
presses spontaneous sex-muscle contraction prior to mating
[7]. C. elegans are normally grown on nematode growth
medium (NGM) plates containing a lawn of OP50 bacteria.
Under these conditions, 42% of unc-103(0) males display
constitutive spicule protraction (Table 1). Since deletion of
unc-103 causes less than half of the males in a population to
protract their spicules permanently, we hypothesized that
additional mechanisms regulating sex-muscle contraction are
functioning in the non–spicule-protracted males. To deter-
mine these additional mechanisms, we analyzed a mutant
allele, sy574, that was isolated in the same screen that
identified unc-103 as a regulator of spicule protraction [7].
sy574 induces spicule protraction in 56% of males (Table 1);
hermaphrodites move, lay eggs, defecate, and respond to
mechanosensation normally (unpublished data), demonstrat-
ing that sy574 disrupts one behavior.
sy574 and ERG-like Kþ channel/unc-103(0) superficially
induce the same phenotype and might affect the same
regulatory pathway. In sy574 and unc-103(0) males, we
measured the timing of constitutive spicule protraction to
determine the extent of the similarities between the mutant
phenotypes. Males were allowed to develop into adults, and
then checked every hour for the mutant phenotype. We
found that after 5 h, 30% of unc-103(0) males had protruding
spicules. In contrast, only 25% of sy574 males (out of 56%
that eventually display the mutant phenotype) displayed
spontaneous spicule protraction. Thus, the majority of sy574
males have sex-muscle seizures later than unc-103(0) males,
suggesting these two mutations affect spicule protraction
differently. To determine if sy574 worked in a different
pathway from unc-103, we constructed a sy574; unc-103(0)
double mutant. A total of 97% of unc-103(0); sy574 males
displayed spontaneous spicule protraction, which is higher
than the 75% expected if the two mutations acted additively
(Table 1). This suggests that sy574 disrupts a separate
signaling pathway from unc-103(0).
sy574 Is an Allele of CaMKII/unc-43
We used single nucleotide polymorphism mapping to
position the sy574 lesion to a 570-kb region on Chromosome
IV between cosmids R102 and K08F4 [17]. We then injected
PCR products of candidate genes into sy574 animals to test
for rescue, and we also performed complementation tests
with alleles of genes located in the region. Our complemen-
tation tests suggested that the recessive sy574 allele affects the
Table 1. Abnormal Spicule Protraction Induced by Mutant
CaMKII/unc-43 and ERG-Like Kþ Channel/unc-103 Alleles
Genotypea Percent Spicule-
Protracted Males
(n)
p Valueb
Wild-type 12 (106)
ERG-like Kþ channel/unc-103(0) 42 (91) ,.005 to wt
CaMKII/unc-43(sy574) 56 (300) ,.005 to wt
unc-103(0); unc-43(sy574) 97 (92) ,.005 to wt
RyR/unc-68(0) 15 (26)
L-VGCC/egl-19(lf) 2 (41)
unc-43(sy574); unc-68(0) 46 (37)
unc-103(0); unc-68(0) 8 (48)
egl-19(lf); unc-43(sy574) 0 (48) ,.005 to unc-43(sy574)
EAG Kþ channel/egl-2(gf) 0 (30)
egl-2(0) 11 (55)
unc-43(sy574); egl-2(n693gf) 4 (57) ,.005 to unc-43(sy574)
unc-103(0); egl-2(n693gf) 43 (94) 0.91 to unc-103(0)
unc-43(n1186) 100 (58) ,.005 to wt
unc-43(n1186); egl-2(n693gf) 76 (50) ,.005 to unc-43(n1186)
aStrains contain him-5(e1490).
bFischer exact test.
doi:10.1371/journal.pgen.0030156.t001
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Author Summary
We investigated the mechanisms used during dietary stress
conditions that regulate the behavioral output of excitable cells. In
the roundworm Caenorhabditis elegans, males must display the
proper behavioral response to potential food sources or mating
partners. This regulation is disrupted by loss of ERG-like Kþ channel
function. Kþ channel defects cause a percentage of males to contract
their genitalia muscles permanently, even in the absence of mating
cues. For the percentage of Kþ channel–defective males that do not
display spontaneous sex-muscle seizure, we show that abnormal
muscle contraction is attenuated by the calcium/calmodulin-
dependent protein kinase II (CaMKII). Under food-deprived con-
ditions, we find that CaMKII acts with the ether-a-go-go Kþ channel
to further suppress spontaneous sex-muscle seizures. We speculate
that in food-abundant conditions, ether-a-go-go–related gene–like Kþ
channels act in parallel with a CaMKII-regulated pathway(s) to
attenuate sexual behavior until mating signals are presented. If one
of these mechanisms is disrupted, the other can compensate. In the
absence of food, CaMKII and ether-a-go-go Kþ channels further
hyperpolarize the genital neuromuscular circuitry, changing the
behavioral state so that the male will forage for food rather than
mate.
gene unc-43, since four loss-of-function (lf) unc-43 alleles did
not complement the sy574 phenotype (Table 2). The non-
complementing unc-43(lf) alleles, including the nonsense unc-
43(n1186) allele, induce general locomotor defects, muscle
seizures, and constitutive spicule protraction. Since sy574
animals only displayed one of many unc-43(lf) phenotypes, we
reason that sy574 is a weak lf allele that encodes a protein with
sufficient function to regulate muscles and neurons involved
in general C. elegans behaviors. However, the spicule pro-
traction circuit must be more sensitive than other cells to
perturbations in UNC-43 function. The one allele that
complemented sy574 is unc-43(e408) (Table 2). unc-43(e408)
males display locomotor and muscle seizure defects similar to
animals containing the nonsense unc-43(n1186) allele; how-
ever, unc-43(e408) males do not display spontaneous spicule
protraction (Table 2). Although unc-43(e408) animals do not
display this abnormality, unc-43(e408) does affect spicule
protraction, and its analysis is described in later sections.
unc-43 encodes the one C. elegans copy of CaMKII, a serine/
threonine kinase responsible for phosphorylating multiple
substrates that control many cellular functions [16]. CaMKII
contains three functional domains: a N-terminal catalytic
region responsible for substrate recognition, binding, and
phosphorylization; an autoinhibitory domain responsible for
blocking the catalytic region and keeping the protein
inactive in the absence of calcium; and a C-terminal self-
association domain by which the enzyme forms complexes of
six- and 12-member rings [18]. Sequencing unc-43 from sy574
animals revealed two point mutations located in different
functional domains. One mutation changes a glycine to
glutamate at amino acid 170, near the substrate recognition
domain of the catalytic region (Figure 1A) [19,20]. The
second sy574 mutation is located in the self-association
domain and changes an alanine to valine at amino acid 465
(Figure 1A).
CaMKII/UNC-43 and ERG-Like Kþ Channel/UNC-103 Act in
Muscles to Regulate Spicule Protraction
Genetic analyses of unc-43(sy574) and unc-103(0) suggest that
CaMKII/UNC-43 and ERG-like Kþ channel/UNC-103 act
redundantly to suppress spontaneous sex-muscle contrac-
tions when food is available. Therefore, we asked which cells
require their function under these standard conditions. The
Table 2. Effect of Mutant CaMKII/unc-43 Alleles on Male Spicule
Protraction
Genotypea Percent Spicule-
Protracted Males (n)
p Valueb
Wild-type 12 (106)c
unc-43(sy574) 56 (300)c
unc-43(sy574)/þ 6 (79) ,.005 to unc-43(sy574)
unc-43(n1186) 100 (58)c
unc-43(n1186)/þ 6 (97) ,.005 to unc-43(n1186)
unc-43(sy574)/unc-43(n1186) 60 (52)
unc-43(n1179) 65 (34)
unc-43(sy574)/unc-43(n1179) 54 (67)
unc-43(sa200) 46 (31)
unc-43(sy574)/unc-43(sa200) 33 (63)
unc-43(e266) 98 (46)
unc-43(sy574)/unc-43(e266) 42 (60)
unc-43(e408) 11 (45) ,.005 to unc-43(sy574)
unc-43(sy574)/unc-43(e408) 17 (72) ,.005 to unc-43(sy574)
unc-43(n498gf) 0 (32)
aStrains contain him-5(e1490).
bFischer exact test.
cTaken from Table 1.
doi:10.1371/journal.pgen.0030156.t002
Figure 1. CaMKII/UNC-43 Amino Acid Changes Due to Mutations,
CaMKII/unc-43, and EAG Kþ Channel/egl-2 Expression Patterns
(A) Amino acid sequence of UNC-43 isoform g. The underlined region
indicates the catalytic domain of CAMKII/UNC-43, the non-underlined
region is the autoinhibitory domain, and the dashed underline indicates
the self-association domain. unc-43(sy574) and unc-43(e408) point
mutations are indicated by boxes. The amino acid change is listed next
to the allele name.
(B) unc-43 promoter:CFP expression in a L4 male.
(C) unc-43 promoter:CFP expression in the L4 male tail. Arrows indicate
neurons involved in male mating.
(D) egl-2 promoter:YFP expression in an adult male tail.
(E) egl-2 promoter:YFP expression in the adult male head.
In all figures, anterior is to the right, dorsal is to the top. Scale bar¼ 10
lM.
doi:10.1371/journal.pgen.0030156.g001
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C. elegans male contains two spicules, each associated with two
protractor and two retractor muscles and a nonessential
accessory muscle (the anal depressor). Contraction of the
protractor muscles forces the spicules through the cloacal
opening, whereas contraction of the retractor muscles draws
the spicules back into the tail. The SPC, hook, and the
postcloacal sensilla neurons are functionally associated with
the spicule muscles and trigger contractions upon mating
stimulation [8,21,22]. Work by others using antibodies to rat
CaMKII showed that in hermaphrodites, CaMKII/UNC-43 is
broadly expressed in neurons, muscles, and intestines [16]. To
determine if unc-43 is expressed in the male spicule circuit,
we PCR-amplified an 11-kb region upstream of the unc-43
start codon, ligated the PCR fragment to the cyan fluorescent
protein (CFP) gene, and injected the ligation product into C.
elegans. In males, we found that CaMKII is broadly expressed
in excitable cells, including the spicule protractor and
retractor muscles, SPC, and postcloacal sensilla neurons
(Figure 1B and 1C). For unc-103, we previously reported the
unc-103 loci are expressed from at least six promoters
(promoters Punc-103A through Punc-103F). These promoters
express mRNA with distinct first exons that give rise to the
isoforms unc-103A through unc-103F. Many of the promoters
express unc-103 broadly in neurons and muscles in both sexes.
However, promoter Punc-103E expresses unc-103 in approx-
imately seven neuron pairs in the head, two pharyngeal
neurons, and the spicule protractor muscles, but not spicule
retractors in the tail, whereas Punc-103F expresses unc-103 in
multiple neurons, including the SPC and postcloacal sensilla
neurons that control spicule muscle contractions [23].
To determine where CaMKII/unc-43 is functioning in the
male to suppress premature sex-muscle contraction, we
created an unc-43 cDNA construct using the full-length
isoform unc-43g [24,25]. To determine if our construct was
functional, we drove unc-43 cDNA expression using the
ubiquitously expressed hsp-16 heat-shock promoter. We
injected this construct into unc-43(sy574) animals and found
that heat-shocked males showed significant reduction in
sy574-induced spicule protraction compared to control
siblings (Table 3). Since CaMKII/unc-43 is expressed in many
tissues, we wanted to identify where unc-43 function is
required to control spicule protraction. Using the aex-3
promoter, which is broadly expressed in neurons, and the tnt-
4 promoter, which is expressed in the pharynx, we deter-
mined that unc-43 expressed in these cell types has no effect
on unc-43(sy574)–induced spicule protraction (Table 3) [9,26].
However, expressing unc-43 via the lev-11 pan–body-wall and
sex-muscle promoter reduced the mutant phenotype (Table
3) [27]. Thus, CaMKII/unc-43 is required in the muscles to
prevent premature muscle contraction.
Once we had identified that muscle CaMKII/unc-43 regu-
lates spicule protraction, we asked which of the two point
mutations in unc-43(sy574) affects normal kinase function. To
address this, we generated an unc-43 isoform lacking the self-
association domain, but containing the kinase and inhibitory
domains. We expressed this construct in muscles using the lev-
11 promoter, and found that it also rescued unc-43(sy574)–
induced protraction (Table 3). This suggests that the sy574
mutation in the catalytic domain, and not in the self-
association domain of unc-43, is responsible for constitutive
spicule protraction.
Since CaMKII/unc-43 appears to regulate sex-muscle output
via a separate mechanism than ERG-like Kþ channel/unc-103,
we asked if unc-103 also acts in muscles. The unc-103 gene in C.
elegans contains six first exons that produce tissue-specific
isoforms. In hermaphrodites, the unc-103E isoform expressed
from Punc-103E in sex muscles is required to rescue an unc-
103(0)–induced egg-laying defect [23]. Therefore, in addition
to determining which tissues require functional unc-103 to
control spicule protraction, we also asked if the rescue was
isoform specific. We used isoform-specific unc-103 genomic
constructs, and found that the neuron-specific isoform unc-
103F, expressed via the aex-3 panneuronal promoter or the
neuronal-specific Punc-103F promoter, did not rescue unc-
Table 3. Transgenic Rescue of Mutant CaMKII/unc-43 and ERG-like Kþ channel/unc-103–Induced Spicule Protraction
Genotypea Tissue Expression Percent Spicule-
Protracted Males (n)
p Valueb
CaMKII/unc-43(sy574) Not heat-shocked 56 (34)
Heat-shocked 41 (34)
unc-43(sy574);rgEx163[Phsp-16::unc-43(þ)] Not heat-shocked 48 (23)
Heat-shocked 24 (23) .03
unc-43(sy574);rgEx164[Paex-3::unc-43(þ)] Panneuronal 45 (60)
unc-43(sy574);rgEx158[Ptnt-4::unc-43(þ)]c Pharynx 57 (46)
unc-43(sy574);rgEx161[Plev-11::unc-43(þ)] Panmuscle 11 (98) ,.005
unc-43(sy574); rgEx120[Plev-11::unc-43–self-associated domain(þ)]c Panmuscle 15 (61) ,.005
unc-43(sy574);rgEx159[Punc-103E::unc-43(þ)] Spicule protractor muscles þ few head neurons 59 (51)
unc-43(sy574);rgEx174[Pacr-8::unc-43(þ)] Body-wall muscles þ few head and ventral cord neurons 38 (37) .06
unc-103(0)c 39 (67)
unc-103(0);rgEx74[Paex-3::unc-103F(þ)]c Panneuronal 29 (53)
unc-103(0);rgEx78[Punc-103F::unc-103F(þ)]c unc-103 Specific neuronal expression 45 (40)
unc-103(0);rgEx76[Plev-11::unc-103F(þ)]c Panmuscle 3 (30) ,.005
unc-103(0);rgEx79[Punc-103E::unc-103F (þ)]c Spicule protractor muscles þ few head neurons 2 (44) ,.005
unc-103(0);rgEx81[Punc-103E::unc-103E (þ)]c Spicule protractor muscles þ few head neurons 2 (46) ,.005
aStrains contain him-5(e1490).
bFischer exact test; comparisons made to nontransgenic controls.
cStrain contains pha-1(ts).
doi:10.1371/journal.pgen.0030156.t003
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103(0)–induced protraction (Table 3). However, the unc-103F
and unc-103E isoforms driven in muscles via the lev-11
panmuscle promoter or by the sex-muscle promoter Punc-
103E restored control of spicule protraction in unc-103(0)
males (Table 3). Thus, similar to CaMKII/unc-43, ERG-like Kþ
channel/unc-103 acts in muscles to regulate spicule protrac-
tion, and unlike hermaphrodite egg-laying behavior, specific
unc-103 isoforms are not essential for regulation.
Interestingly, although both CaMKII/UNC-43 and ERG-like
Kþ channel/UNC-103 act in muscles, the functional expres-
sion of unc-43 in regulating spicule muscle contraction is not
as restricted as unc-103. unc-43, when expressed broadly in
body-wall muscles and all sex muscles from the lev-11
promoter, rescued the unc-43(sy574)–induced spicule protrac-
tion. However, unc-43 expressed in body-wall muscles from
the acr-8 promoter (see Text S1) or expressed in the sex
muscles from the Punc-103E promoter was not sufficient to
suppress constitutive spicule protraction (Table 3). This
suggests that under standard conditions, UNC-43 might act
in both body-wall and spicule protractor muscles to regulate
spicule protraction behavior. Alternatively, since lev-ll but not
the Punc-103E promoter drives transcription in the retractor
muscles, UNC-43 might be required in the protractor and
retractor muscles, whereas UNC-103 is required only in the
protractor muscles.
CaMKII/unc-43 Requires EAG Kþ Channel/egl-2 and ERG-
Like Kþ Channel/unc-103 to Regulate Sex-Muscle
Excitability
Since both CaMKII/unc-43 and ERG-like Kþ channel/unc-103
are functioning in muscles, we asked what other proteins
might work with these molecules. From previous work, lf
alleles of L-type voltage-gated Caþþ channel (L-VGCC)/egl-19
and ryanodine receptor Caþþ channel (RyR)/unc-68 suppress
mutant unc-103–induced spontaneous protraction [7,28,29].
Similar to the previously reported interactions between
mutant unc-103 and egl-19, unc-43(sy574) required wild-type
egl-19 to induce spicule protraction (Table 1). Interestingly,
unc-43(sy574); unc-68(0) males still spontaneously protract
their spicules, suggesting that, in contrast to ERG-like Kþ
channel/unc-103, CaMKII/unc-43 is not responding to the
influx of calcium via RyR/unc-68 (Table 1).
L-VGCC/EGL-19 and RyR/UNC-68 have different roles in
controlling spicule muscle contraction during male mating.
Rhythmic contractions mediated by UNC-68 result in the
spicules prodding the hermaphrodite’s vulva, whereas tonic
contraction mediated by EGL-19 forces the spicules through
the vulval slit. The acetylcholine agonist levamisole activates
muscle contraction though UNC-68, while EGL-19 is acti-
vated by the acetylcholine agonist arecoline (ARE) [8]. Since
unc-43(sy574) was suppressed by egl-19(lf), but not unc-68(0), the
ARE, not the levamisole, stimulatory pathway is perturbed by
the unc-43(sy574) lesion.
To dissect the CaMKII/unc-43 pathway, we looked at unc-43
mutant responses to ARE. Virgin adult males at 1 d old that
had not protracted their spicules were placed in various
concentrations of ARE and observed for spicule protraction.
The concentration at which 90% of wild-type males protract
their spicules (EC90) was 579 lM, whereas the EC90 of unc-
43(sy574) males was 268 lM (Figure 2A and 2D). In contrast to
wild-type, the dominant gain-of-function allele unc-43(n498gf)
and the lf allele unc-43(e408) were greater than ten times more
resistant to the drug (Figure 2A and 2D). Thus, the unc-
43(e408)–encoded kinase displays some gain-of-function
properties in the spicule protraction circuit, although in all
other behaviors it displays loss-of-function properties. To
identify how unc-43(e408) might function in the spicule
protraction circuit, we sequenced the unc-43 gene from e408
animals and found a point mutation that causes a serine to
leucine change at amino acid 179 (Figure 1A). This amino
Figure 2. ARE Pharmacology of unc-43 Mutants
(A–C) Graphs of male muscle ARE sensitivity. The ARE concentrations are indicated on the x-axis, and the percent of males protracting their spicules in
the drug are indicated on the y-axis. For each data point, n¼ 30 males.
(D) EC90 values at which 90% of males protracted their spicules for the genotypes listed.
doi:10.1371/journal.pgen.0030156.g002
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acid change is near the substrate recognition site of the
catalytic domain, suggesting the unc-43(e408) lesion is altering
the kinase’s interactions with its substrates.
The n498gf and e408 alleles allowed us to determine if
CaMKII-induced ARE resistance is mediated by ERG-like Kþ
channel/unc-103. Previously, unc-103 was shown to be down-
stream of unc-43 in respect to defecation behavior [16].
However, our analyses of unc-43(sy574) and unc-103(0) suggest
that unc-43 and unc-103 can act in separate pathways. One
explanation for this discrepancy is that CaMKII/UNC-43 can
function in multiple pathways to control behaviors, including
spicule protraction behaviors (Figure 3). It is likely the unc-43
alleles used in this report up- or downregulate different
facets of spicule protraction regulation. To test if unc-43 also
activates unc-103 in the spicule circuit, we constructed double
mutants of unc-43(n498gf) and unc-43(e408) with unc-103(0) and
found they are less resistant to ARE (Figure 2B). Thus, the
genetics of the sy574 allele and the pharmacology of the
n498gf and e408 alleles demonstrate that UNC-43 can act
concurrently upstream and parallel to UNC-103 (Figure 3).
However, the unc-103(0)–induced reduction of unc-43(gf) and
unc-43(e408) pharmacology is not complete, indicating there
are other factors CaMKII activates to suppress muscle
excitability.
To identify other factors that could be activated by
CaMKII/unc-43, we tested unc-439s interaction with the ether-
a-go-go (EAG) Kþ channel/egl-2 [30]. We considered EAG Kþ
channels because work in Drosophila showed that direct
phosphorylation by CaMKII upregulates channel activity
[15,30,31]. First, we asked if egl-2 expresses in similar tissues
to unc-43 and unc-103. Previous reports showed egl-2 expres-
sion in the sensory neurons and sex muscles of hermaphro-
dites [30]. We found similar expression in males, including
expression in the sex muscles but not neurons in the spicule
protraction circuit (Figure 1D and 1E). Next, we asked if egl-2
acts downstream of unc-43 by combining unc-43(lf) mutations
with a gain-of-function egl-2 allele. egl-2(n693gf) was able to
reduce the nonsense allele unc-43(n1186) and unc-43(sy574)–
induced spicule protraction, but, interestingly, had no effect
on unc-103(0)–induced protraction (Table 1). The genetic
interaction between egl-2(n693gf) and unc-43(sy574), but not
unc-103(0), is consistent with unc-43(sy574) disrupting a path-
way parallel to UNC-103–mediated regulation (Figure 3).
Since egl-2(n693gf) suppressed unc-43 mutant alleles, we
asked if the effects of activated CaMKII/unc-43 require
functional EAG Kþ channel/egl-2. We isolated the rg4 deletion
(0) allele to address this question and found that egl-2(0)
animals are superficially wild-type (Table 1). We then
combined egl-2(0) with unc-43(n498gf) and unc-43(e408) and
found that egl-2(0) was able to reduce the ARE sensitivity of
both mutations (Figure 2C). Though deletions in egl-2 and unc-
103 increased drug sensitivity of both unc-43 mutant back-
grounds, neither alone restored it to wild-type levels. We
generated triple mutants containing egl-2(0) and unc-103(0)
with unc-43(gf) or unc-43(e408) to see if removing both Kþ
channels increase ARE sensitivity. We found that the EC90 of
unc-103(0); unc-43(gf); egl-2(0) and unc-103(0); unc-43(e408); egl-
2(0) were 1.2 mM and 483 lM, respectively (Figure 2B–2D).
Thus, both ERG-like Kþ channel/unc-103 and EAG Kþ channel/
egl-2 are required to moderate some of the effects of the
activated unc-43(gf) allele, and all of the effects of the unc-
43(e408) allele (Figure 3).
CaMKII and EAG Kþ Channels Are Used during Food
Deprivation to Suppress Sex-Muscle Contractions
The pharmacological analyses of genetically activated
CaMKII/UNC-43 alleles identified EAG Kþ channel/EGL-2 as
a molecule that mediates UNC-43 signaling and acts parallel
to ERG-like Kþ channel/UNC-103 (Figure 3). However, the
results did not reveal when wild-type sex muscles require
regulation by UNC-43 and EGL-2. Indications of when these
molecules are used came from our previously reported
observations [9].
Under food-deprived conditions, the percentage of ERG-
like Kþ channel/unc-103(0) males displaying constitutive
spicule protraction dropped to 9% from the 33% in food.
In contrast, under the same dietary-deprived conditions, the
Figure 3. Genetic Interactions between CaMKII, EAG, and ERG-like Kþ
Channels in Well-Fed and Food-Deprived Conditions
Arrows represent wild-type CaMKII acts upstream of the Kþ channels and
other muscle contraction regulators; bars show that spontaneous muscle
seizures are suppressed. An ‘‘X’’ adjacent to an unc-43 allele name
denotes which specific genetic pathway is compromised by the mutant
allele. The dashed arrow and bar lines denotes that the interaction
between CaMKII and EAG Kþ channels is only seen in the unc-43(e408)
mutant background.
doi:10.1371/journal.pgen.0030156.g003
Table 4. Food Availability Modifies the Expressivity of Abnormal
Spicule Protraction
Genotypea Percent Spicule-Protracted Males (n)
NGM Plates þ
E. coli (OP50)
NGM Plates þ
No Bacteria
Wild-type 5 (38) 0 (26)
unc-103(0) 36 (44) 9 (23)b
unc-43(sy574) 44 (66) 50 (44)
unc-43(n1186) 100 (29) 96 (26)
unc-43(e408) 0 (30) ND
unc-103(0); unc-43(sy574) 88 (74) 62 (71)b
unc-103(0); unc-43(e408) 61 (31) 50 (22)
unc-103(0); egl-2(0) 39 (85) 36 (67)
unc-103(0); egl-2(0)
rgEx175 [Plev-11::egl-2(þ)]
35 (34) 9 (22)b
unc-103(0); egl-2(0)
rgEx173 [Punc-103E::egl-2(þ)]
39 (28) 4 (23)b
unc-103(0); unc-43(e408)
rgEx172 [Punc-103E::unc-43(þ)]
38 (45) 13 (40)b
aStrains contain him-5(e1490).
bp Value,0.05 compared with NGM platesþE. coli of the same genotype; Fischer exact test.
doi:10.1371/journal.pgen.0030156.t004
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percentage of CaMKII/unc-43(sy574) and unc-43(n1186) males
displaying constitutive spicule protraction showed no statisti-
cally significant difference from standard food conditions
(Table 4). We had also previously demonstrated that
perturbing pharyngeal pumping with a missense allele of
tropomyosin/lev-ll(rg1) can suppress unc-103(0)–induced spi-
cule protraction via activity from the pharyngeal neuro-
secretory motor (NSM) neuron. Consistent with dietary
deprivation, the lev-ll(rg1) allele also did not reduce the
penetrance of the unc-43(sy574) phenotype [9]. This suggests
CaMKII might be required to mediate the effects of dietary
deprivation.
To test if food deprivation requires CaMKII/UNC-43 to
suppress ERG-like Kþ channel/unc-103(0)–induced spicule
protraction, we generated double-mutant combinations
between unc-103(0) and the unc-43 alleles sy574 and e408. We
tested both alleles because while on food they affected spicule
protraction in opposite directions. In food conditions, we
found that, like unc-43(sy574), the unc-43(e408) allele increased
the penetrance of unc-103–induced protraction. This was not
surprising given that the genetic and pharmacology data
suggested the unc-43(e408)–encoded kinase has reduced
functions, but, in the spicule protraction circuit, the mutant
kinase upregulates UNC-103 and EAG Kþ channel/EGL-2
activity (Figure 3). Since activated EGL-2 has no effect on the
unc-103(0) phenotype (Table 1), we hypothesize that the lf unc-
43(e408) allele acts similar to unc-43(sy574) and synthetically
interacts with unc-103(0) to increase the incidence of
constitutive spicule protraction (Figures 3 and 4). In contrast
to food conditions, food-depriving unc-103(0); unc-43(sy574)
males reduced constitutive spicule protraction from 88% to
62% (a percentage similarly displayed by unc-43(sy574) single
mutants), whereas depriving unc-103(0); unc-43(e408) males of
food did not change the phenotype. This suggests CaMKII/
UNC-43 is required to suppress sex-muscle excitability under
food-deprived conditions. In regards to unc-103(0)–induced
muscle excitability, the sy574-encoded kinase can suppress
the unc-103(0) phenotype. However, under food-deprived
conditions, it is unable to suppress its own induced
constitutive protraction defect. In contrast, the e408 muta-
tion can disrupt UNC-439s ability to transduce food depri-
vation signals (Figure 3).
To determine if CaMKII/UNC-43 suppresses sex-muscle
contraction during food deprivation in ERG-like Kþ channel/
unc-103–expressing cells, we expressed CaMKII/unc-43 from
the Punc-103E promoter in the sex muscles and a few head
neurons of unc-103(0); unc-43(e408) males. We found that
rescuing unc-43 in these cells restored food deprivation–
induced suppression of the unc-103(0) phenotype (Table 4).
Since our pharmacological and genetic studies suggested
that CaMKII/UNC-43 can act through EAG Kþ channel/EGL-2,
we asked if these channels are also required for food
deprivation–mediated suppression of the ERG-like Kþ chan-
nel/unc-103(0) phenotype. On food, unc-103(0); egl-2(0) males
behaved similarly to unc-103(0) single mutants (Table 4).
However, food deprivation was unable to suppress constitu-
tive spicule protraction in unc-103(0); egl-2(0) males. Thus, like
UNC-43, EGL-2 is used during food deprivation to reduce
sex-muscle excitability (Figure 3). To determine if EGL-2 was
functioning in UNC-43– and UNC-103–containing cells, we
expressed wild-type egl-2 cDNA from the lev-11 and unc-103E
promoters in unc-103(0); egl-2(0) males. We found that
Figure 4. Dietary Deprivation Suppresses Spontaneous Muscle Contrac-
tions Using CaMKII and EAG Kþ Channels
Cartoon view of the right half of the male tail. CaMKII is expressed in
body-wall muscles, and dorsal and ventral spicule protractor and
retractor muscles. EAG and ERG-like Kþ channels are expressed in both
dorsal and ventral spicule protractor muscles. CaMKII, EAG, and ERG-like
Kþ channels are depicted only in the dorsal protractor muscles for visual
clarity.
(A) When males are well-nourished, CaMKII/UNC-43 and ERG-like Kþ
channel/UNC-103 act redundantly in body-wall and sex muscles to keep
the spicule protractor muscles from spontaneously contracting.
(B) The CaMKII mutant allele e408 upregulates EAG and ERG-like Kþ
channels in the spicule protraction circuit while disrupting the ability of
CaMKII to phosphorylate other unknown substrates.
(C) In the absence of functional ERG-like Kþ channel/UNC-103, CaMKII/
UNC-43 activity is not sufficient to inhibit spontaneous spicule muscle
contraction in 30%–40% of well-nourished males.
(D) When males are food deprived, CaMKII/UNC-43 and EAG Kþ channels
compensate for defective ERG-like Kþ channel/UNC-103 and suppress
spontaneous muscle contractions.
doi:10.1371/journal.pgen.0030156.g004
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expressing egl-2 from either promoter restored the ability of
food deprivation to suppress unc-103(0)–induced spicule
protraction. This demonstrates that EAG Kþ channel can
function in the same cells as CaMKII to compensate for lack
of ERG-like Kþ channel function under dietary deprivation.
Discussion
Intense research in organisms ranging from fungi to
vertebrates has uncovered beneficial properties of dietary
restriction in delaying aging and increasing cellular stress
resistance. However, despite the benefits on physiology,
reduction in food accessibility tends to promote food
foraging, which if successful, will reduce the effects of dietary
restriction. In laboratory vertebrates, multiple studies have
shown that reduction in diet can lead to short-term increases
in locomotor activity [32–36] and in specialized behaviors
such as food hoarding [37–39]. In parallel to vertebrate
studies, dietary restriction–induced physiological and behav-
ioral changes have been investigated in the nematode C.
elegans. The nematode’s compact nervous system and muscu-
lature provides a simpler and complimentary model to
determine how molecules in excitable cells transmit the
effects of dietary changes to motor outputs.
When food is reduced or even deprived from C. elegans, the
nematode displays not only increased longevity and resist-
ance to cellular stresses, but also enhancement in locomotor
activity and discrimination between odorants [13,40–43].
These behavioral changes presumably facilitate movement
toward a food-related odorant source; but, if that source does
not result in food satiation, the animal will move towards an
alternative source. In addition to upregulating food-acquir-
ing behaviors, food deprivation also depresses behaviors that
are not essential and potentially distracting from feeding. In
the absence of food, behaviors such as pharyngeal pumping,
defecation, egg-laying, and mate searching are reduced
[12,44–46]. When considering the utility of chronic caloric
restriction as a mechanism to promote physical wellness in
humans, one must consider how brain circuitries normally
used in nonfeeding behaviors might be affected. To address
this, we used C. elegans male mating to identify molecules used
to attenuate a behavioral state during dietary deprivation
(Figure 4).
Under standard conditions, food-satiated C. elegans males
display mating behavior upon contact with a hermaphrodite.
The male uses sex-specific neurons and muscles located in his
tail to recognize a hermaphrodite, scan her body for her
vulva, locate and protract his copulatory spicules into the
vulva, transfer his genetic material, and withdraw from the
hermaphrodite to find additional mates [21]. Deletion of the
unc-103–encoded ERG-like Kþ channel causes males to display
most motor aspects of mating behavior spontaneously;
however, since spicule movements provide a facile motor
read-out, we have focused on how UNC-103 defects affect the
spicule protraction circuit. Prior to mating stimulation,
UNC-103 acts in the spicule protractor muscles to keep
spontaneous acetylcholine secretion from presynaptic chol-
inergic neurons (such as the SPC motor neurons) from
inducing premature contractions. We found that under well-
fed conditions, defective channels cause ;30%–40% of males
to protract their spicules constitutively [7]. Under food-
deprived conditions, the percentage of males displaying
precocious spicule protraction drops to ;9%–11% [9]. This
suggests that additional mechanisms act in parallel with UNC-
103 to attenuate cell excitability, and in food-limiting
conditions, certain aspects of those parallel mechanisms are
upregulated.
We isolated the sy574 allele of CaMKII/unc-43 gene in the
same genetic screen that identified ERG-like Kþ channel/
UNC-103 as a regulator of mating behavior [7]. This unc-43
allele causes ;50% of males to display constitutive spicule
protraction; other behaviors in both sexes appear normal. In
conjunction with a deletion of unc-103 [23], 88%–97% of
double-mutant males display mating-independent spicule
protraction. Similar to the unc-103 mutant phenotype,
defective unc-43–induced spontaneous spicule muscle con-
tractions require neurotransmitter secretion from upstream
cholinergic neurons such as the SPC neurons (unpublished
data). This strongly suggests that CaMKII participates in a
regulatory mechanism parallel to ERG-like Kþ channel
activity.
CaMKII has a broad expression pattern in neurons and
muscles, and has been demonstrated to regulate multiple
general behaviors in both sexes of C. elegans [16]. Unlike the
nonsense allele unc-43(n1186) that causes seizures in both
sexes and induces 100% spicule protraction in males, the
sy574 mutant kinase must be grossly functional in many
behavioral circuits, but has reduced activity for regulating
sex-muscle contraction. The sy574 lesion induces two amino
acid changes that map to the kinase domain and the self-
association domain of UNC-43. However, the change in the
self-association domain might not be relevant; a truncated
unc-43 transgene lacking the self-association domain is
sufficient to rescue the sy574 spicule defect. The G170E
change in the kinase domain of the sy574 allele is located in
an amino acid residue that is conserved in CaMKII of diverse
species. The structure of the UNC-43 kinase domain has been
solved [47], and the G170E change lies in a structural region
of the kinase domain that has not been intensely dissected
and characterized, but could be involved in substrate
recognition. The differences in phenotypic severity between
the nonsense unc-43(n1186) and missense unc-43(sy574) alleles
suggest that the nonpolar-to-acidic amino acid substitution at
position 170 might disrupt the efficiency of how the UNC-
43(sy574) kinase phosphorylates certain effectors in the
spicule protractor muscles.
CaMKII/UNC-43 has been previously shown to upregulate
the activity of ERG-like Kþ channel/UNC-103 in the defeca-
tion circuit [16,23]. We show through pharmacology and
genetics that this type of regulation also occurs in the spicule
protraction circuit, but we do not believe this regulation is
abrogated by the sy574 allele. Although unc-43(sy574) males
superficially display the same behavioral defects as unc-103(0)
males, unc-43(sy574)–induced spicule protraction can not be
suppressed by food deprivation. A circuit that acts in
suppressing unc-103(0)–induced sex-muscle seizures incorpo-
rates the activity of the pharyngeal muscles and the
pharyngeal NSM neurons. In standard food conditions, a
missense mutation in tropomyosin/lev-11 can phenocopy the
effects of food deprivation, and partially suppress the unc-
103(0) phenotype. The mutant tropomyosin reduces phar-
yngeal pumping, but the feeding defect is masked by activity
from the pharyngeal NSM neurosecretory neurons. When the
NSM neurons in lev-11 mutants are laser ablated, pharyngeal
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pumping rate decreases, and concurrently, unc-103(0)–in-
duced sex-muscle seizures are no longer suppressed. The
NSM neurons are hypothesized to sense changes in phar-
yngeal pumping rate and secrete a factor(s) that attenuates
muscle excitability, thus suppressing the effects of defective
UNC-103 function. Interestingly, similar to depriving males
of food, the lev-11 mutation, which can suppress unc-103(0),
has no effect on unc-43(sy574)–induced spicule protraction
[9].
Since the CaMKII/unc-43(sy574) phenotype is not sup-
pressed by food deprivation or pharyngeal muscle–NSM
neuron interaction, we suspected activated wild-type UNC-43
might be required to attenuate cell excitability during
nonoptimal food conditions. The strong lf unc-43(e408) allele
was used to test if CaMKII is required during food
deprivation. The e408 mutation encodes a serine to leucine
change at amino acid 179 nine residues from the glycine that
is changed in the unc-43(sy574) allele. The unc-43(e408) allele
induces pleiotropic behavioral abnormalities such as seizures
and inhibited egg-laying, suggesting that UNC-43(e408) kinase
activity is severely reduced. In contrast to the nonsense and
sy574 mutations, under standard food conditions, the S179L
change causes the UNC-43(e408) kinase to decrease the
excitability of male sex muscles via EAG family Kþ channels
(Figure 4B). The S179L change might reduce effector
interactions so that the kinase cannot phosphorylate many
of it substrates, except for those that directly or indirectly
regulate Kþ channels in the sex muscles. Thus, the unc-
43(e408) allele disrupts kinase function in a manner different
from the unc-43(n1186) nonsense allele, which has been shown
to severely reduce the amount of CaMKII present in
hermaphrodites [16]. Under food deprivation conditions,
males containing the UNC-43(e408) kinase are not able to
significantly suppress unc-103(0)–induced muscle seizures.
The inability of unc-43(e408) to reduce unc-103(0)–induced
muscle seizures suggests that the S179L substitution, which
reduces CaMKII function in attenuating excitability of many
behaviors, also disrupts how food deprivation attenuates the
excitability of male muscles. Due to the broad effects of food
deprivation, we hypothesize that multiple pathways are used
to suppress sex-muscle excitability in response to low food
conditions. Since neither unc-103(0); unc-43(e408) double-
mutant or unc-43(n1186) single-mutant males are significantly
suppressed by food deprivation, it is possible that the
majority of these pathways require CaMKII. However, since
there is a slight reduction in each case, as well as a significant
reduction in unc-103(0); unc-43(sy574) males, there might be
other pathways working in parallel that are CaMKII inde-
pendent. Taken together, these data suggests that wild-type
CaMKII is required to decrease cell excitability during dietary
deprivation conditions, and the mechanism of regulation
differs from conditions where food is available.
We propose that calcium influx activates CaMKII and EAG
Kþ channels to depress cell excitability, which can compen-
sate for ERG-like Kþ channel dysfunction. In C. elegans, the
ortholog of EAG is encoded by the gene egl-2 [30]. Synaptic
plasticity studies in Drosophila have shown that neuronal
CaMKII directly phosphorylates EAG Kþ channels. This
phosphorylation is presumed to maintain or enhance EAG
Kþ channel activity during calcium influx and after intra-
cellular calcium has dropped to basal levels [14,15,31]. In C.
elegans, EGL-2 is coexpressed with UNC-103 and CaMKII/
UNC-43 in the spicule muscles. Under standard food
conditions, the egl-2(0) mutation induces no obvious abnor-
mal defect either by itself or in conjunction with unc-103(0) in
regulating spicule muscle contraction. Similarly, the gain-of-
function egl-2(n693) mutation, which hyperpolarizes sensory
neurons, egg-laying, and defecation muscles, also does not
enhance or suppress unc-103(0)–induced seizures. Taken
together, the genetic data suggest that under standard food
conditions, EGL-2 Kþ channels, although present in the
spicule muscles, are not active. However, similar to males
containing the severe lf unc-43(e408) mutation, deletion of egl-
2 reduces the ability of food deprivation to suppress unc-
103(0)–induced muscle seizures.
Our data suggest that under food deprivation conditions,
calcium influx activates CaMKII and EAG Kþ channels to
depress cell excitability, which can compensate for ERG-like
Kþ channel dysfunction. We speculate that in well-fed wild-
type males, ERG-like Kþ channels act in parallel with a
CaMKII-regulated pathway(s) to attenuate mating behavior
until specific cues are presented (Figure 4A). If one of these
mechanisms is disrupted, the other can compensate in a
percentage of animals (Figure 4C). In the absence of food,
CaMKII and EAG Kþ channels additionally act to hyper-
polarize the sex muscles, thus suppressing mating behavior so
that the male will forage for food, rather than mate (Figure
4D). We have demonstrated that one can take advantage of
this dietary deprivation pathway to suppress spontaneous
muscle seizures caused by defective ERG-like Kþ channels. We
suspect that similar mechanisms that occur during food
deprivation in C. elegans males also function in neurons and
muscles in higher animals. This is consistent with many
studies that have shown that caloric restriction can reduce
seizure susceptibility in epileptic mouse models [48–50].
Although the exact molecules will differ between neuronal
types in various excitable cell circuitries, co-opting endoge-
nous parallel regulatory pathways to compensate for ion
channel dysfunction should be a feasible general strategy.
Materials and Methods
Strains. All strains contain him-5(e1490) (LGV) [51] and were
maintained as described in [52]. The following strains were used. LGI:
lev-11(rg1) [9]; LGIII: unc-103(n1213) [53] and pha-1(e2123) [54]; LGIV:
unc-43(e408) and unc-43(e266) [52], unc-43(n1186), unc-43(n1179), unc-
43(n498) [53], unc-43(sa200) [45], and egl-19(n582) [55]; and LGV: unc-
68(r1158) [28]; and egl-2(n693) [56]. The strain CB4856 was used for
single nucleotide polymorphism mapping [17].
Identification of sy574. The isolation of sy574 has been previously
described [7]. sy574 animals were out-crossed five times. sy574
contains two missense changes: sy574A changes the sequence
CACGGATTT to CACGAATTT, and sy574B changes GCCGCGTGT
to GCCGTGTGT. unc-43 was also sequenced in the strain used for
mutagenesis, PS1385, and no mutations were found. In unc-43(e408),
the e408 allele changes the sequence TTGTCGCCA to TTGTTGCCA.
Generation of the egl-2 deletion allele rg4. egl-2(rg4) was generated
by trimethylpsoralen mutagenesis of egl-2(n693gf) him-5 [57]. After
mutagenesis, we selected worms that displayed normal egg-laying
behavior. PCR analysis using primers that annealed to internal exons
of egl-2 were used to screen lines for deletions in the egl-2 locus. egl-
2(rg4) includes exons 1–7, but does not include the pore region or the
egl-2(693gf) mutation [30]. The egl-2(rg4) deletion ends before the start
of the next gene pme-5. egl-2(rg4) animals were out-crossed four times.
Assaying spontaneous spicule protraction phenotype. L4 males
were separated and allowed to develop into adults overnight on NGM
plates seeded with OP50. Generally, 20–30 worms were analyzed per
plate. The adult males were scored as positive for displaying
spontaneous spicule protraction if at least one spicule protruded
from the cloaca.
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Pharmacology. L4 males were isolated and allowed to mature
overnight on NGM plates. The next day, males that did not display
constitutive spicule protraction were placed, five at a time, in
solutions of ARE (Indofine Chemical Company, http://www.
indofinechemical.com) in Pyrex, round-bottom, three-well titer
plates. The males were observed for 5 min and scored if their
spicules remained protracted for at least 10 s. Curve fits and EC90
values were determined using GraphPad Prism (version 4.03; http://
www.graphpad.com).
Assay for food deprivation on the protraction constitutive
phenotype. We used 10-mm NGM plates with an 8-M glycerol ring
surrounding the outer edge of the plate. The 8-M glycerol ring served
as a repellent during the assay to keep males from crawling up the
inside edge of the plate; the 8-M glycerol ring induced no other
significant changes in male behavior (unpublished data). To measure
the effects of food deprivation, we separated late L4–stage males to a
clean NGM plate with no Escherischia coli OP50 and allowed them to
crawl away from any OP50 transferred. Males were then picked up by
mouth pipette, washed with M9 buffer, and transferred to a clean
NGM plate with the glycerol ring described above. As a control,
sibling males of the same stage were placed on 10-mm NGM plates
seeded with OP50. Males from both the control and experimental
plates were then assayed 15–20 h later for the constitutive
protraction phenotype.
Plasmids used in this study. The details of the construction of the
plasmids used in this study are listed in Text S1 and Table S1. Plasmids
containing unc-103 genomic DNA were created as previously described
[23]. The plasmids pBL58, pBL70, pBL69, pBL71, pBL72, and pBL80
contain the unc-43g cDNA expressed from the hsp-16, aex-3, lev-11, unc-
103E, tnt-4, and acr-8 promoters, respectively. The plasmids pTG44 and
pTG46 contain the egl-2 cDNA expressed from the unc-103E and lev-11
promoters, respectively. pBL68 contains unc-43 cDNA lacking the self-
association domain expressed from the lev-11 promoter. pBL66
contains CFP expressed from the gtl-1 promoter. pLR16 contains
yellow fluorescent protein (YFP) expressed from the egl-2 promoter.
Transgenics. Worms expressing unc-103 transgenic lines were
previously described [23]. L4 males were isolated and scored the
next day to determine the number of males that displayed protruding
spicules. To obtain unc-43 transgenic lines, DNA was injected into unc-
43(sy574); him-5(e1490) hermaphrodites out-crossed three times using
standard protocols [58]. The injection mixtures were created as
follows: the injected concentrations of the unc-43 plasmids, pBL69 (50
ng/ll), pBL70 (50 ng/ll), pBL72 (50 ng/ll), pBL58 (26 ng/ll), and
pBL71 (10 ng/ll) were combined with the appropriate amount of
pUC18 to bring the total concentration of DNA to 180 ng/ll. In
addition, each mixture contained 20 ng/ll of pBL66 that was used as a
marker to identify transgenic lines. pBL68 was injected along with
pUC18 (92 ng/ll) and the pha-1–rescuing plasmid pBX1 (100 ng/ll)
[59] into pha-1(e2131); unc-43(sy574); him-5(e1490) at a concentration of
23.6 ng/ll. F1 hermaphrodite progeny with CFP expression in their
intestines were selected. For each injection, three to five lines were
analyzed; one representative line is shown in the tables.
Males from the transgenic lines were scored for spontaneous
spicule protraction in the following manner: 6 L4 hermaphrodites for
each line were placed on individual NGM þ OP50 plates. Only first-
generation L4 males of the isolated hermaphrodites were picked,
allowed to mature to adults overnight at 20 8C, and then scored for
constitutive spicule protraction. For males containing UNC-43 cDNA
expressed from the heat-shock promoter, late-stage L4 males were
heat-shocked at 33 8C for .5 h and then scored for the instance of
spicule protraction the next day.
Supporting Information
Table S1. Primers
Found at doi:10.1371/journal.pgen.0030156.st001 (23 KB DOC).
Text S1. Supplemental Experimental Procedures
Found at doi:10.1371/journal.pgen.0030156.sd001 (45 KB DOC).
Acknowledgments
We thank Daisy Gualberto for technical assistance and review of the
manuscript. Some nematode strains used in this work were provided
by the Caenorhabditis Genetics Center, which is funded by the National
Institutes of Health (NIH) National Center for Research Resources
(NCRR). The Olympus FV1000 confocal microscope acquisition was
supported by the Office of the Vice President for Research at Texas
A&M University (College Station, Texas, United States). BL, TRG, and
LRG were supported by NIH grant GM-70431 and by the Searle
Scholars program.
Author contributions. BL, TRG, and LRG conceived and designed
the experiments, performed the experiments, analyzed the data,
contributed reagents/materials/analysis tools, and wrote the paper.
Funding. The authors received no specific funding for this study.
Competing interests. The authors have declared that no competing
interests exist.
References
1. Curran ME, Splawski I, Timothy KW, Vincent GM, Green ED, et al. (1995) A
molecular basis for cardiac arrhythmia: HERG mutations cause long QT
syndrome. Cell 80: 795–803.
2. Furutani M, Trudeau MC, Hagiwara N, Seki A, Gong Q, et al. (1999) Novel
mechanism associated with an inherited cardiac arrhythmia: Defective
protein trafficking by the mutant HERG (G601S) potassium channel.
Circulation 99: 2290–2294.
3. Delisle BP, Anson BD, Rajamani S, January CT (2004) Biology of cardiac
arrhythmias: Ion channel protein trafficking. Circ Res 94: 1418–1428.
4. Gong Q, Jones MA, Zhou Z (2006) Mechanisms of pharmacological rescue
of trafficking-defective hERG mutant channels in human long QT
syndrome. J Biol Chem 281: 4069–4074.
5. Sanguinetti MC, Curran ME, Spector PS, Keating MT (1996) Spectrum of
HERG Kþ channel dysfunction in an inherited cardiac arrhythmia. Proc
Natl Acad Sci U S A 93: 2208–2212.
6. Kagan A, Yu Z, Fishman GI, McDonald TV (2000) The dominant negative
LQT2 mutation A561V reduces wild-type HERG expression. J Biol Chem
275: 11241–11248.
7. Garcia LR, Sternberg PW (2003) Caenorhabditis elegans UNC-103 ERG-like
potassium channel regulates contractile behaviors of sex muscles in males
before and during mating. J Neurosci 23: 2696–2705.
8. Garcia LR, Mehta P, Sternberg PW (2001) Regulation of distinct muscle
behaviors controls the C. elegans male’s copulatory spicules during mating.
Cell 107: 777–788.
9. Gruninger TR, Gualberto DG, LeBoeuf B, Garcia LR (2006) Integration of
male mating and feeding behaviors in Caenorhabditis elegans. J Neurosci 26:
169–179.
10. Chao MY, Komatsu H, Fukuto HS, Dionne HM, Hart AC (2004) Feeding
status and serotonin rapidly and reversibly modulate a Caenorhabditis elegans
chemosensory circuit. Proc Natl Acad Sci U S A 101: 15512–15517.
11. Weinshenker D, Garriga G, Thomas JH (1995) Genetic and pharmacological
analysis of neurotransmitters controlling egg laying in C. elegans. J Neurosci
15: 6975–6985.
12. Avery L, Horvitz HR (1990) Effects of starvation and neuroactive drugs on
feeding in Caenorhabditis elegans. J Exp Zool 253: 263–270.
13. Sawin ER, Ranganathan R, Horvitz HR (2000) C. elegans locomotory rate is
modulated by the environment through a dopaminergic pathway and by
experience through a serotonergic pathway. Neuron 26: 619–631.
14. Griffith LC, Wang J, Zhong Y, Wu C, R.J. G (1994) Calcium/Calmodulin-
dependent protein kinase II and potassium channel subunit Eag similarly
affect plasticity in Drosophila. Proc Natl Acad Sci U S A 91: 10044–10048.
15. Wang Z, Wilson GF, Griffith LC (2002) Calcium/calmodulin-dependent
protein kinase II phosphorylates and regulates the Drosophila eag potassium
channel. J Biol Chem 277: 24022–24029.
16. Reiner DJ, Newton EM, Tian H, Thomas JH (1999) Diverse behavioural
defects caused by mutations in Caenorhabditis elegans unc-43 CaM kinase II.
Nature 402: 199–203.
17. Wicks SR, Yeh RT, Gish WR, Waterston RH, Plasterk RH (2001) Rapid gene
mapping in Caenorhabditis elegans using a high density polymorphism map.
Nat Genet 28: 160–164.
18. Colbran RJ (2004) Targeting of calcium/calmodulin-dependent protein
kinase II. Biochem J 378: 1–16.
19. Gibbs CS, Zoller MJ (1991) Rational scanning mutagenesis of a protein
kinase identifies functional regions involved in catalysis and substrate
interactions. J Biol Chem 266: 8923–8931.
20. Hanks SK, Hunter T (1995) Protein kinases 6. The eukaryotic protein
kinase superfamily: Kinase (catalytic) domain structure and classification.
FASEB J 9: 576–596.
21. Liu KS, Sternberg PW (1995) Sensory regulation of male mating behavior in
Caenorhabditis elegans. Neuron 14: 79–89.
22. Sulston JE, Albertson DG, Thomas JN (1980) The Caenorhabditis elegans male:
Postembryonic development of nongonadal structures. Dev Biol 78: 542–
576.
23. Reiner DJ, Weinshenker D, Tian H, Thomas JH, Nishiwaki K, et al. (2006)
Behavioral genetics of Caenorhabditis elegans unc-103-encoded erg-like K(þ)
channel. J Neurogenet 20: 41–66.
24. Rongo C, Kaplan JM (1999) CaMKII regulates the density of central
glutamatergic synapses in vivo. Nature 402: 195–199.
PLoS Genetics | www.plosgenetics.org September 2007 | Volume 3 | Issue 9 | e1561631
Food Deprivation Suppresses Seizures
25. Umemura T, Rapp P, Rongo C (2005) The role of regulatory domain
interactions in UNC-43 CaMKII localization and trafficking. J Cell Sci 118:
3327–3338.
26. Iwasaki K, Staunton J, Saifee O, Nonet M, Thomas JH (1997) aex-3 encodes a
novel regulator of presynaptic activity in C. elegans. Neuron 18: 613–622.
27. Kagawa H, Sugimoto K, Matsumoto H, Inoue T, Imadzu H, et al. (1995)
Genome structure, mapping and expression of the tropomyosin gene tmy-1
of Caenorhabditis elegans. J Mol Biol 251: 603–613.
28. Maryon EB, Coronado R, Anderson P (1996) unc-68 encodes a ryanodine
receptor involved in regulating C. elegans body-wall muscle contraction. J
Cell Biol 134: 885–893.
29. Lee RY, Lobel L, Hengartner M, Horvitz HR, Avery L (1997) Mutations in
the alpha1 subunit of an L-type voltage-activated Ca2þ channel cause
myotonia in Caenorhabditis elegans. EMBO J 16: 6066–6076.
30. Weinshenker D, Wei A, Salkoff L, Thomas JH (1999) Block of an ether-a-go-
go-like K(þ) channel by imipramine rescues egl-2 excitation defects in
Caenorhabditis elegans. J Neurosci 19: 9831–9840.
31. Sun XX, Hodge JJL, Zhou Y, Nguyen M, Griffith LC (2004) The eag
potassium channel binds and locally activates calcium/calmodulin-depend-
ent protein kinase II. J Biol Chem 279: 10206–10214.
32. Russell JC, Epling WF, Pierce D, Amy RM, Boer DP (1987) Induction of
voluntary prolonged running by rats. J Appl Physiol 63: 2549–2553.
33. Weed JL, Lane MA, Roth GS, Speer DL, Ingram DK (1997) Activity
measures in rhesus monkeys on long-term calorie restriction. Physiol Behav
62: 97–103.
34. Severinsen T, Munch IC (1999) Body core temperature during food
restriction in rats. Acta Physiol Scand 165: 299–305.
35. Lynn SE, Breuner CW, Wingfield JC (2003) Short-term fasting affects
locomotor activity, corticosterone, and corticosterone binding globulin in
a migratory songbird. Horm Behav 43: 150–157.
36. Novak CM, Jiang X, Wang C, Teske JA, Kotz CM, et al. (2005) Caloric
restriction and physical activity in zebrafish (Danio rerio). Neurosci Lett 383:
99–104.
37. Cababac M, Swiergiel AH (1989) Rats eating and hoarding as a function of
body weight and cost of foraging. Am J Physiol 26: 952–957.
38. Bartness TJ, Clein MR (1994) Effects of food deprivation and restriction,
and metabolic blockers on food hoarding in Siberian hamsters. AM J
Physiol 266: 1111–1117.
39. Wood AD, Bartness TJ (1996) Caloric density affects food hoarding and
intake by Siberian hamsters. Physiol Behav 59: 897–903.
40. Colbert HA, Bargmann CI (1997) Environmental signals modulate olfactory
acuity, discrimination, and memory in Caenorhabditis elegans. Learn Mem 4:
179–191.
41. Lakowski B, Hekimi S (1998) Survey of caloric restriction and aging in C.
elegans. Proc Natl Acad Sci U S A 95: 13091–13096.
42. Kaeberlein TL, Smith ED, Tsuchiya M, Welton KL, Thomas JH, et al. (2006)
Lifespan extension in Caenorhabditis elegans by complete removal of food.
Aging Cell 5: 487–494.
43. Lee GD, Wilson MA, Zhu M, Wolkow C, de Cabo R, et al. (2006) Dietary
deprivation extends lifespan in Caenorhabditis elegans. Aging Cell 5: 515–524.
44. Horvitz HR, Chalfie M, Trent C, Sulston JE, Evans PD (1982) Serotonin and
octopamine in the nematode Caenorhabditis elegans. Science 216: 1012–1014.
45. Liu DW, Thomas JH (1994) Regulation of a periodic motor program in C.
elegans. J Neurosci 14: 1953–1962.
46. Lipton J, Kleemann G, Ghosh R, Lints R, Emmons SW (2004) Mate
searching in Caenorhabditis elegans: A genetic model for sex drive in a simple
invertebrate. J Neurosci 24: 7427–7434.
47. Rosenberg OS, Deindl S, Sung RJ, Nairn AC, Kuriyan J (2005) Structure of
the autoinhibited kinase domain of CaMKII and SAXS analysis of the
holoenzyme. Cell 123: 849–860.
48. Bough KJ, Valiyil R, Han FT, Eagles DA (1999) Seizure resistance is
dependent upon age and calorie restriction in rats fed a ketogenic diet.
Epilepsy Res 35: 21–28.
49. Greene AE, Todorova MT, McGowan R, Seyfried TN (2001) Caloric
restriction inhibits seizure susceptibility in epileptic EL mice by reducing
blood glucose. Epilepsia 42: 1371–1378.
50. Mantis JG, Centeno NA, Todorova MT, McGowan R, Seyfried TN (2004)
Management of multifactorial idiopathic epilepsy in EL mice with caloric
restriction and the ketogenic diet: Role of glucose and ketone bodies. Nutr
Metab (Lond) 1: 11.
51. Hodgkin J, Horvitz HR, Brenner S (1979) Nondisjunction mutants of the
nematode Caenorhabditis elegans. Genetics 91: 67–94.
52. Brenner S (1974) The genetics of Caenorhabditis elegans. Genetics 77: 71–94.
53. Park EC, Horvitz HR (1986) Mutations with dominant effects on the
behavior and morphology of the nematode Caenorhabditis elegans. Genetics
113: 821–852.
54. Schnabel H, Schnabel R (1990) An organ-specific differentiation gene, pha-
1, from Caenorhabditis elegans. Science 250: 686–688.
55. Trent C, Tsung N, Horvitz HR (1983) Egg-laying defective mutants of the
nematode Caenorhabditis elegans. Genetics 104: 619–647.
56. Reiner DJ, Weinshenker D, Thomas JH (1995) Analysis of dominant
mutations affecting muscle excitation in Caenorhabditis elegans. Genetics 141:
961–976.
57. Anderson P (1995) Mutagenesis. In: Epstein HF, Shakes DC, editors.
Methods in cell biology, Caenorhabditis elegans: Modern biological analysis
of an organism. San Diego: Academic Press. pp. 31–58.
58. Mello CC, Kramer JM, Stinchcomb D, Ambros V (1991) Efficient gene
transfer in C.elegans: Extrachromosomal maintenance and integration of
transforming sequences. EMBO J 10: 3959–3970.
59. Granato M, Schnabel H, Schnabel R (1994) pha-1, a selectable marker for
gene transfer in C. elegans. Nucleic Acids Res 22: 1762–1763.
PLoS Genetics | www.plosgenetics.org September 2007 | Volume 3 | Issue 9 | e1561632
Food Deprivation Suppresses Seizures
